LTE1 belongs to the CDC25 family that encodes a guanine nucleotide exchange factor for GTP-binding proteins of the ras family. Previously we have shown that LTE1 is essential for termination of M phase at low temperatures. We have identified TEMI as a gene that, when present on a multicopy plasmid, suppresses the cold-sensitive phenotype of itel. Sequence analysis of TEMI and GTP-binding analysis of the gene product revealed that TEMI encodes a novel low-molecular-weight GTP-binding protein. In eucaryotic cells, cell cycle progresses with the oscillation of activity of Cdk kinases, including M-phase-promoting factor (MPF). During M phase, MPF is activated at the onset of M phase and is inactivated at the end of this phase (24-26). The activity of MPF is dependent on its state of phosphorylation and its association with cyclins. Regulatory mechanisms working at the initiation of M phase have been clarified, whereas regulatory systems required for termination of M phase remain unclear.
kinases. The genetic interaction among LTEJ, TEMI, and CDC1S indicates that they cooperatively play an essential role for termination of M phase.
In eucaryotic cells, cell cycle progresses with the oscillation of activity of Cdk kinases, including M-phase-promoting factor (MPF). During M phase, MPF is activated at the onset of M phase and is inactivated at the end of this phase (24) (25) (26) . The activity of MPF is dependent on its state of phosphorylation and its association with cyclins. Regulatory mechanisms working at the initiation of M phase have been clarified, whereas regulatory systems required for termination of M phase remain unclear.
Cell division cycle (cdc) mutants of the budding yeast Saccharomyces cerevisiae have contributed to the identification of many components that are involved in the regulatory machinery of the cell cycle (11) . Several genes, such as CDC15, CDC5, DBF2, DBF20, and CDC14, have been identified as genes working on the termination of M phase (14, 15, 33, 42, 45) . Mutations in these genes arrest cells at anaphase or at telophase under restrictive conditions. CDC15, CDC5, DBF2, and DBF20 encode protein kinases, and CDC14 encodes a phosphotyrosine phosphatase, indicating that phosphorylation and dephosphorylation of proteins are required to exit from M phase. However, how the activities of these kinases and the phosphatase are controlled is obscure.
Low-molecular-weight GTP-binding proteins have been established as a switching element of intracellular pathways via the conformational change between the GTP-binding state and GDP-binding state of the proteins. The transition from the GDP-binding state to the GTP-binding state is catalyzed by guanine nucleotide exchange factors for each low-molecularweight GTP-binding protein (2-4). LTE1 encodes a protein that is homologous to the CDC25 protein, which is the guanine nucleotide exchange factor for the yeast Ras proteins encoded by RAS1 and RAS2 (3, 35, 47) . The defect of LTE1 causes cells to arrest at telophase at low temperatures (35) . This fact indicates that the low-molecular-weight GTP-binding protein(s) regulated by the LTE1 protein is involved in the termination of M phase.
In this paper, we discuss TEM1, the gene encoding a novel GTP-binding protein which is required for the termination of M phase, and genetic interaction of TEM1 with LTE1 and CDC15.
MATERIALS AND METHODS
Microbial manipulation and analysis. The S. cerevisiae strains used in this study are RAY3A-D (MA Ta/MATa ura3/ ura3 leu2/leu2 his3/his3 trpl/trpl) (41) high-copynumber plasmid containing the URA3 selectable marker and 2 pum plasmid origin of replication. The plasmid for disrupting TEM1, pQV, was constructed as follows. The SacI-PvuII fragment containing TEM1 was inserted into pUC119E, which was identical to pUC1 19 except that the EcoRI site had been deleted with filling in, to construct pUCTEM1. The internal EcoRI-XhoI fragment of pUCTEM1 that contains the coding region of TEM1 was replaced with a 1.1-kb DNA fragment carrying URA3. pQV was digested with PvuII for the replacement transformation. RAY3A-D wild-type diploid cells were transformed with pQV, and the transformants (strain E0080) were sporulated and dissected to construct the teml-A segregants at 25°C. The URA3 sequence in the E0080 cells was disrupted with a ura3 disrupting plasmid (35) to obtain a Uratransformant (strain E0081). The plasmid, YIpG7CLB2, was constructed as follows. The coding region of CLB2 was amplified by PCR (31) 14, 1994 on January 4, 2018 by guest Morphological observations. The methods for staining cells with 4',6'-diamidino-2-phenylindole (DAPI) to reveal DNA and for antitubulin immunofluorescence staining were performed as described elsewhere (29) .
Nucleotide sequence accession number. The accession number of TEMI in the EMBL/GenBank/DDBJ database is D38172.
RESULTS
Isolation of the TEMI gene. The loss of LTEJ results in cold-sensitive growth of cells, and ltel cells arrest at telophase. To identify the factors involved in termination of M phase, we screened an S. cerevisiae genomic library to isolate genes that bypass the loss of LTE1 when present on a multicopy plasmid. Six plasmids that allowed the Itel cells to grow well at 11°C were isolated. One of them carried LTEI itself. The others carried fragments derived from the same genomic locus. To identify the region responsible for suppressing the cold sensitivity of the Itel mutant cells, the suppression activities of various subclones derived from pDl were examined (Fig. 1) . The nucleotide sequence of the SacI-PvuII fragment responsible for the suppressive activity revealed the presence of a gene, designated TEM1, for a protein (Teml) of 245 amino acids (Fig. 2a) .
TEMI encodes a novel low-molecular-weight GTP-binding protein. Computer analysis demonstrates that the predicted amino acid sequence has a low but significant homology to a wide variety of GTP-binding proteins in the ras superfamily (4). Teml has GTP-binding domains composed of three consensus motifs, GXXXXGK(T/S), DXXG, and (N/T)(KIQ) XD (Fig. 2b) . To test the ability of Temi to bind a guanine nucleotide, Teml was produced in E. coli as a GST fusion protein (GST-Teml) and GST-Teml was incubated with (Fig. 3a to c) . The binding of GST-Teml to [y-35S]GTP was inhibited competitively by the excess of unlabeled GTP, whereas addition of excess amounts of ATP, CTP, and UTP did not inhibit the binding of GTP with Teml (Fig. 3d) . These results indicate that Teml binds GTP specifically. (Fig. 1) by the one-step gene replacement method. The teml-A spore clones were able to germinate, but growth was arrested after several cycles of cell division, an indication that TEM1 is an essential gene. By mimicking dominant active mutations reported to occur in ras genes (2), mutations were introduced individually into the GTP-binding domains of TEM1 by oligonucleotide-directed in vitro mutagenesis. Triplets encoding the 79th residue (glutamine), the 132nd residue (threonine), and the 135th residue (aspartate) were individually replaced by triplets encoding leucine (teml-]), isoleucine (teml-2), and alanine (teml-3), respectively. These mutations correspond to H-rasLu61, H-rasIle- 16 , and H-rastlall9, respectively. These mutant genes expressed from their own original promoter on a single-copy plasmid were able to complement teml-]A at 25°C. None of these mutant genes inhibited cell growth or had any characteristic dominant effects, even when they were expressed under the control of the GAL7 promoter on a multicopy plasmid (data not shown). Among the three mutant genes, teml-3 conferred the temperature-sensitive phenotype on cells in which the wild-type allele of TEMI had been replaced by teml-3. Temperature sensitivity of the teml-3 strain was recessive since one copy of the wild-type TEMI gene was sufficient to suppress the temperature sensitivity of the teml-3 cells (data not shown). These results indicate that teml-3 is nonfunctional at 37°C. At restrictive temperatures, large-budded cells accumulated. Three hours after the shift to 37°C, more than 90% of cells were large budded (Fig. 4a) . Each large-budded cell contained two completely divided nuclei with spindles, indicating that cell division had been arrested at telophase (Fig. 4b) . Fifty percent of teml-3 cells remained viable during a 3-h incubation at 37°C. The same terminal morphology was observed in the teml disruptants. When the teml-A cells carrying TEM] under the control of the GAL7 promoter were cultured in glucose-containing medium to deplete intact Teml, the Teml-depleted cells were arrested at telophase (data not shown).
[-y-35S]GTP. The GST-Teml fusion protein bound [,y-35S]GTP, but GST itself did not
MPF activity in teml-defective cells. As shown in Fig. 5 , the histone Hi-kinase activity in the teml-3 cells at the restrictive temperature was as high as that in wild-type cells arrested by treatment with nocodazole, and the high histone Hi-kinase activity was retained during incubation at 37°C. When the teml-3 cells that had been incubated at 37°C were shifted to 25°C, the histone Hl-kinase activity decreased (Fig. 5) . These results indicate that the defect in Teml function resulted in retention of high MPF activity.
We postulated that Teml might be required for the destruction of G2 cyclin, which would cause a decrease in MPF activity. We introduced CLB2, the gene for a G2 cyclin (8, 40) , under the control of the GAL7 promoter into teml-3 cells. Overexpression of CLB2 abolished the growth of the teml-3 cells at 25°C (Fig. 6a) , and cells were arrested at telophase (Fig. 6b) . By contrast, expression of CLB2 under the control of the GAL7 promoter in wild-type cells did not affect cell growth (Fig. 6a) , an indication that the overproduction of G2 cyclin was toxic to cells with decreased Teml activity. These results, together with the observation that persistence of the CLB2 protein arrests cells at M phase (38, 39) , suggests that Teml plays a role in triggering the degradation of G2 cyclin to inactivate MPF at the termination of mitosis.
Genetic interaction between CDC15 and TEM). cdc15-2 cells have been reported to be arrested at telophase with high MPF activity under restrictive conditions (39) , and the terminal phenotype is quite similar to that of the teml-defective cells. Moreover, we isolated a suppressor of Itel and found it to be homozygous diploid cells with YCpteml-3 were cultured at 25°C in YPD medium, and the culture in mid-log phase was shifted to 37°C for 3 h, fixed, and stained with DAPI (left) to reveal DNA. Microtubules were visualized by the indirect immunofluorescence method with antitubulin antibodies (right), as described in Materials and Methods. allelic to CDC15 (36) . These observations suggest the genetic interaction between TEM1 and CDC15. To investigate the relationship between TEM] and CDC15, we introduced a high-copy-number plasmid that carried CDC15 into the temldefective cells. CDC15 on a multicopy plasmid suppressed both the temperature sensitivity of the teml-3 cells (Fig. 7) and the growth defect of the teml-A cells (Fig. 8) . However, CDC15 on a single-copy plasmid was ineffective (Fig. 7) . The protein VOL. 14, 1994 on kinase encoded by CDC15 has higher homology to kinases known as mitogen-activated protein (MAP) kinase kinase kinases, such as Stell, Byr2, and Bckl (18, 30, 46) , than to other protein kinases. By mimicking the STEII-4 mutation, which yields a constitutively active mutant allele (37), we constructed the corresponding mutant gene CDC15Ile-163 and introduced it into the teml-3 cells. In contrast to CDC15, CDC15IIe-163 on a single-copy plasmid suppressed the temperature sensitivity of the teml-3 cells (Fig. 7b) . These results can be explained if we assume that the protein encoded by CDC15le-163 is an activated form of the protein kinase and that the elevation of the protein kinase activity is essential for the suppression of the teml defect. We also introduced the singlecopy plasmid carrying CDC15Ile-163 into the teml disruptant.
However, the teml disruptant with CDC1511e-163 on the singlecopy plasmid did not grow (data not shown). This suggests that a single copy of CDC15l"e-l63 suppresses the teml defect less strongly than multicopy CDC15 does. this paper indicates the possibilities that (i) TEM1 acts upstream of the CDC15 pathway and (ii) the TEM1 pathway is different from the CDC15 pathway but each exerts an overlapping function. Since the terminal phenotypes of teml-defective cells and the cdc15-2 cells are quite similar to each other and since both TEM1 and CDC15 are essential for terminating M phase, it is hard to assume that CDC15 and TEM1 exert the same function via different pathways. Therefore, we propose the model that Teml acts upstream of Cdcl5 kinase and may be required to activate the Cdcl5 protein kinase pathway. There are previous reports that low-molecular-weight GTPbinding proteins are involved in activation of protein kinases, e.g., the ras protein interacts with the Raf protein kinase and Raf activates MAP kinase via the protein kinase cascade (1, 7, 17, 44, 48) , and CDC42Hs, a member of the ras superfamily, activates a protein kinase homologous to STE20-encoded FIG. 8 . Suppression of the teml-rA defect by overexpression of CDC15. teml-A cells carrying TEMI under the control of the GAL7 promoter (strain E0096) were transformed with YEplacl81 (areas 1 and 2) or YEpCDC15 (areas 3 and 4) and incubated on a galactose plate. Transformants were streaked on an SC-LEU plate to deplete the Teml for 1 day, streaked again on an SC-LEU plate, and incubated for 1 day.
protein kinase that acts at upstream of the MAP kinase cascade of the yeast mating pathway (16, 20) . In this context, it is of interest that Cdcl5 kinase has homology to MAP kinase kinase kinases.
Besides TEMI and CDC15, there are some other genes playing a critical role after metaphase. They are DBF2 (kinase), CDC5 (kinase), CDC14 (phosphatase), and LYT1 (unknown [22] ). Among mutants in these genes, terminal phenotypes of the dbf2-2 cells are quite similar to those of the teml-defective cells and cdc15-2 cells (43) ; these mutant cells are arrested at telophase with high Hl-kinase activity under restrictive conditions. Moreover, these genes commonly interact with the SP012 gene. SP012, identified as a gene essential for sporulation (19) , was isolated by its ability to suppress dbf2-1 (27) or lytl-l (22) . We isolated the SP012 gene as a multicopy suppressor of teml-3 and cdcl5 (36) and found that the Itel disruption was also complemented by SP012 on a multicopy vector (36) .
The following evidence, along with the results obtained in this study, further implies the genetic interactions among TEMI, CDC15, LTE1, DBF2, and CDC5: (i) a high dose of SP012 suppressed teml-3, Itel, dbf2-1, and lytl-l (22, 27, 36) ; (ii) overexpression of CDC15 suppressed teml-3, dbf2-1, lytl-1, and cdc5-1 (15, 22, 36) ; (iii) multiple copies of CDC5 suppressed dbf2-1 and cdc15-1 (15); and (iv) multiple copies of TEM1 suppressed dbf2-2 (36). Assuming that Teml functions upstream of Cdc15, our results strongly support the presence of a cascade consisting of GTP-binding protein (Teml) and kinases (Cdcl5, Cdc5, and Dbf2) acting to terminate mitosis.
